Current imaging mass spectrometry techniques are faced with a major challenge related to ion suppression effect. Data regarding low-abundance components or low-polarity compounds cannot be normally obtained presumably because of the discrimination effect of easily ionized chemical components on desorption/ionization process. In this study, a new method was proposed to obtain images of chemical components in biological tissues or sections through in situ solid-phase extraction in sorbent mounted micro-funnel based spray ionization mass spectrometry. An imprint of a strawberry section was formed by gently pressing against a 2D array of micro-funnels. The sorbent mounted micro-funnels were then subjected to in situ single-pixel solid-phase extraction to alleviate the matrix-related ion suppression effect. The achievable spatial resolution is approximately 250 mm. The imaging of the spatial distribution of low-abundance or low-polarity chemicals in the strawberry imprint could be obtained by using a gradient elution strategy. Results demonstrated that the ''not observed'' remark does not necessarily indicate that a specific compound is non-existent when traditional imaging mass spectrometry techniques are used. The proposed method can be applied to conduct low-abundance chemical imaging through in situ single-pixel sample pretreatment.
Introduction
In the recent years, the use of mass spectrometry for molecular and biomolecular imaging has been extensively investigated because this technique can provide chemical and spatial information. 1, 2 Unlike traditional imaging techniques, such as fluorescence or immunostaining, imaging mass spectrometry (IMS) does not require labeling or staining. Multiplexed chemical information can be acquired simultaneously in one experiment because of the high chemical specificity and sensitivity of mass spectrometry. 3, 4 IMS is typically conducted through secondary ion mass spectrometry (SIMS), [5] [6] [7] matrix-assisted laser desorption ionization (MALDI), [8] [9] [10] and desorption electrospray ionization (DESI). [11] [12] [13] [14] [15] SIMS is a ''hard'' ionization technique that employs a focused beam of high-energy primary ions to bombard onto a sample surface. This technique releases high energy on analytes; as a result, extensive fragmentation occurs and the application of this technique in biomolecule analysis becomes limited. 6 In MALDI, suitable matrix materials are used to channel the energy of incoming laser photons and thus achieve soft desorption and ionization of sample molecules. This method is particularly useful to analyze the images of large biomolecules, such as peptides and proteins. 9 Suitable matrix materials are necessary to assist desorption and ionization processes involved in MALDI. DESI is an ambient ionization technique; in this technique, a beam of highly charged solvent spray is bombarded onto a sample surface. Using this method, researchers can analyze images under atmospheric pressure. However, DESI elicits a ''washing'' effect, which may distort the original spatial distribution of analytes.
Current IMS techniques are faced with a major challenge related to ion suppression effect. 17, 18 In a typical IMS analysis, minimal or no sample preparation is performed to preserve the original spatial distribution of analytes on a sample surface. In most cases, only major components or readily ionizable species can be imaged presumably because of the discrimination effect of one or more chemical components on the desorption/ionization of another chemical component. 19 The ionization efficiencies of target compounds, especially the low abundance components, are significantly affected by their local chemical environment. The interference of the high abundance components and other easy-ionized species might lead to low sensitivity and inaccurate ion image of low abundance components. Therefore, an appropriate sample pretreatment technology should be developed to remove this discrimination effect and to obtain images of low-abundance species with preserved spatial distributions.
In this study, a miniaturized solid-phase extraction (SPE) array was developed and introduced to the sample surface to alter the local chemical environment of the target species. 20 A selective IMS methodology was established through in situ purification and/or extraction in single pixel of the imagine. The interference was alleviated and the spatial information of low abundance species was retained. Using the proposed methodology, we can obtain images of low-abundance and/or low-polarity components in biological tissues. The main goal of this project is to improve the sensitivity of IMS technique for the analysis of low abundance components in complex sample surface.
Experimental

Chemicals and materials
All the chemicals were obtained commercially and were used without further purification. LC-MS grade methanol, acetonitrile, and water were purchased from Fluka (St. Gallen, Switzerland). HPLC-grade acetic acid and formic acid were purchased from Riedel-de Hae¨n (Seelze, Germany). Rhodamine B was purchased from Sigma Aldrich (St. Louis, MO, USA). Fresh strawberry were bought from local supermarket and stored in the À70 C refrigerator until analysis. Parafilm M Õ laboratory film (Pechiney Plastic Packaging, Chicago, IL, USA) were used to fabricate membrane funnels. Teflon tape with silicone adhesive (51 mm in thickness) was used to fabricate sorbent-attached SPE membrane funnel. C 18 powder (particle size: 50 mm) was obtained by disassembling a 3-mL GracePure TM SPE C 18 -Low cartridge (500 mg, Grace, Deerfield, IL).
Instrumentation
Experiments were performed using an FT-ICR mass spectrometer (9.4 Tesla SolariX, Bruker Instrument Int., Billerica, MA, USA) equipped with a home-built microfunnel based spray ionization source. An automated system was developed to control the movement of sample plate in the XY plane. After the acquisition at one funnel spot, a TTL pulse was sent from the ICR console. The pulse would trigger the sample plate to move to the next position according to a predefined moving path. The moving path was defined using a home-written Visual 
Sample preparation
Rhodamine B stock solution was prepared at 1 mM in MeOH-water (1:1, n/n) and diluted to appropriate concentration before use. An ''M'' character was written on the PTFE membrane surface using a red permanent marker (SC-OHM-R, PILOT Corporation, Japan). For strawberry tissue imaging experiments, the frozen strawberry fruit was cross-sectioned using a blade and blotted on the C 18 mounted SPE funnel array gently for 15 s. The sample plate was then put in the desiccator to dry for 30 min. After dryness, the analysis was performed on the same day as the sample imprint was made.
Results and discussion
Micro-funnel based spray ionization mass spectrometry
In micro-funnel based spray ionization mass spectrometry, samples are loaded onto micron-scale funnels.
A highly charged solvent pool is then generated on the funnel surface by electrospraying an appropriate solvent via a conventional microspray setup. 20, 21 Under the influence of a high electric field, a secondary spray is induced at the small end of the funnel carrying the dissolved analytes. The funnel-based spray does not require a nebulizing gas. In contrast to the solvent flow rate of 1-5 mL/min in DESI, a low solvent flow rate of 100 nL/min is obtained using the proposed method. During the spray process, the solvent pool formed by the primary spray is confined within the funnel. Micro-funnel based spray is also characterized by a special feature, that is, it allows in situ SPE without distorting the original spatial distribution by using sorbent mounted funnels.
Spatial resolution of the system
Spatial resolution is an important parameter in imaging techniques. The spatial resolution obtained through micro-funnel based spray ionization is mainly determined by funnel size and inter-funnel distance. Funnel size is controlled on the basis of the needle penetration depth by using the present punching system. Funnels with a diameter ranging from 30 to 40 mm can be generated. Inter-funnel distance depends mainly on the solvent pool formed on the funnel by the primary spray. The size of the formed solvent pool is determined by sprayer dimension, solvent flow rate, and solvent composition. A tapered sprayer (O.D. <30 mm) is used to generate a reasonably fine spray. A highly charged solvent pool (Ø50-100 mm) can be generated on a funnel. Under these conditions, secondary spray can be induced within 1-3 s. Based on the use of inter-funnel distance of 0.25 mm in assessing the inter-funnel cross contamination as shown in Supplementary Figure S4 , the achievable spatial resolution is approximately 250 mm.
IMS of chemicals in a strawberry section
For biological imaging experiment, an imprint is first generated on the sorbent mounted micro-funnel array by pressing the tissue section against the sorbent mounted funnel arrays. The sorbent material can retain chemical and spatial data of the tissue section. In this study, the distribution of chemicals in a strawberry section was examined. Strawberries contain several classes of compounds, such as sugars, anthocyanins, flavonols, and phenolic acids, which exhibit different abundances and polarities. [22] [23] [24] [25] Signal suppression effect by main components on the low abundance or less ionizable components might occur during the in situ spray process. 26 In addition, this fruit also contains high amounts of salts, such as potassium (154 mg/100 g) and sodium (1 mg/100 g). 27 ,28 Therefore, strawberry is an excellent model to illustrate the potential application of this technique for chemical profiling and IMS. Figure 2 shows some of the selected chemical images obtained by using C 18 mounted micro-funnel based spray MS of strawberry. The left column displays the direct images obtained from the array of funnels without sample treatment or washing. Similar to the results obtained through DESI, 27 the findings determined through C 18 mounted micro-funnel based spray MS indicate that the signals correspond to potassiated sucrose distributed in most parts of the strawberry imprint, and they yield the highest abundance in the peripheral region. However, regions without registered sugar ion signals exist. Anthocyanin species are Figure 1 . Flow chart of C 18 -mounted SPE micro-funnel based spray for IMS. SPE: solid-phase extraction; IMS: imaging mass spectrometry; MS: mass spectrometry. molecular cations and thus should be easily transferred to gas phase ions under typical ESI conditions; nevertheless, only the most abundant anthocyanin species, namely, pelargonidin 3-O-glucoside, can be detected. The signals of other chemical components, which exhibit low abundance or low polarities, are not observed.
Effect of in situ SPE process on imaging
An in situ SPE cleanup method was applied via a gradient wash method to obtain additional information. The washing sequence and conditions are derived from the LC conditions described in a previous study. 29 These conditions are summarized in Table 1 . The identified secondary metabolites in strawberry using C 18 -mounted SPE micro-funnel based spray in positive mode with water wash and gradient wash are summarized in Figures 3 and 4 . It can be found that the identified compounds and their corresponding signals changed according the in situ SPE conditions. After one washing step, the mass-selected ion images for different target analytes are shown in the second column of Figure 2 and Supplementary Figure S-5. Five other anthocyanin species were identified. Anthocyanins are color-related pigments that determine the red/orange color of strawberries. 23, 24 Figure 2(b) and (c) shows the ion images of the two major anthocyanins, namely, pelargonidin 3-Oglucoside and pelargonidin 3-O-(6 00 -malonylglucose), respectively. These chemicals are distributed in the peripheral region (i.e. colored parts) of the strawberries. Pelargonidin 3-O-glucoside can be detected in some funnels without washing; however, this compound is detected in a considerably large area after one washing step, unlike in the result obtained with no washing step. As the washing step and MS analysis are performed on each of the isolated funnels, the appearance of these species should not be caused by cross funnel contamination. This finding illustrates that sample matrix severely affects the desorption and ionization processes, which can lead to inaccurate chemical images. Similar observation is determined for cyaniding 3-O-glucoside identified at m/z 449.1087. The molecular ion of this compound appears at the peripheral region only after the first washing step. This molecular ion also appears in the inner region of the strawberry imprint after the second washing step. Other slightly ionizable components, such as flavonols or flavanols, require an increased number of washing steps to alleviate the discrimination effect caused by other chemicals, as shown in the third and fourth column of Figure 2 . The molecular ions of two representative flavonols, namely, morin and quercetin 3-glucuronide, are observed after the second and third washing steps, respectively. Flavonols are color-related species and mainly distributed in the peripheral region of the strawberry imprint. 25 The last column in Figure 2 showed the overall images by summing the selected ion images obtained from different wash. Our results demonstrate that molecular ions for low-abundance components and/or low-polarity chemical components can be generated and identified using stepwise washing with appropriate solvents. The ion images for these chemical species were obtained experimentally for the first time by using the single-pixel SPE sorbent-mounted microfunnel based spray mass spectrometry method. It is also important to note that the ion images of high abundance compounds, such as sucrose, was also changed after the in situ SPE process.
Effect of solvent washing steps on imaging accuracy Figure 5 summarizes the mass spectra for three selected positions after successive washing steps to understand the effect of solvent washing steps on the depletion and desorption/ionization of various chemicals. Position I is located at the peripheral region of the strawberry imprint where intense red color can be observed in the corresponding optical image. Position II is located in the inner region where white fruity body can be observed in the optical image. Position III, which is a randomly picked funnel outside the strawberry imprint, is used as a control. As shown in Figure 4 , position I is located in the margin area of the strawberry fruit specimen where the concentration of sugars and anthocyanins are relatively higher than that in the middle regions. For sucrose (
þ , m/z 381.079), the peak intensity is improved nearly twice after the first washing step. The majority of the interferences disappear. This observation indicates that the matrix suppression effect is effectively alleviated. The competition among different components has become the most significant issue once the interferences are removed. The high concentration and ionization efficiency of sucrose affect the ionization of other species.
Washing solvent can remove the chemicals adsorbed on the sorbent funnel in different rates based on their concentration and solubility. The signal intensity of slightly abundant anthocyanins, such as pelargonidin
þ , m/z 433.113), initially increases, whereas the suppression effect caused by sucrose is gradually reduced and then drops presumably because of the chemical depletion caused by rinsing. In general, we can observe that the relative intensity of anthocyanins to sucrose increases with gradient washing. Position II is located in the white region, and no trace of sucrose is detected in the mass spectra obtained without washing. Although the peak intensities of the major ionizable interferences are in the similar level in both positions, the suppression effect is severe in position II. Sucrose and anthocyanins can only be detected after the first wash. This finding implicates that the chemical images obtained without sample preparation may not provide the real chemical distribution. Given the compromised sensitivity, the ''not observed'' remark does not necessarily indicate that a specific compound is ''nonexistent.'' Therefore, in situ sample pretreatment is crucial to remove the interferences in biological tissues where various concentrations of chemicals exist on the whole surface.
Another interesting observation is that the depletion rates of compounds with different concentrations during gradient washing vary significantly. For instance, the depletion rate of sucrose at position II accelerates after the third washing step is completed. The depletion rates of the interference compound A (i.e. m/z 279.159) at the three positions also vary. In the blank funnel, the loss of compound A is slow in the first two washing step, but it suddenly increases after the third washing step. In position I, compound A is nearly completely removed after the first washing step. Similarly, the depletion rate of compound A in position II is also faster than that of the blank funnel. The depletion rate for a specific compound is also related to the local environment and to its relative concentration to the surrounding compounds. However, the effect of the depletion rate on imaging accuracy should be further evaluated.
Conclusions
In conclusion, sorbent amounted micro-funnel based spray IMS provides spatial resolution similar to other spray-based ionization techniques, such as DESI. The proposed method also offers a solution to alleviate the matrix and ion suppression effect by applying in situ single-pixel SPE procedure on sorbent mounted microfunnels. Sensitivity is significantly improved after in situ SPE is completed. Thus, significant chemical information, including major components and low-abundance or low-polarity components, can be determined. An image of a particular class of compounds can be selectively obtained through micro-funnel based spray MS by immobilizing other sorbent materials on the funnel surface instead of C 18 . Therefore, sorbent mounted micro-funnel based spray is a promising technique to enhance our understanding of complex biological systems.
